Recently, high-resolution spectroscopy of slow beams of metastable helium molecules (He * 2 ) generated by multistage Zeeman deceleration was used in combination with Rydberg-series extrapolation techniques to obtain the lowest rotational interval in the molecular helium ion at a precision of 18 MHz [Jansen et al.
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Fourier-transform-limited laser pulses used to record the spectra. We present here an extension of these measurements in which we have (1) measured higher rotational intervals of He 2 + , (2) replaced the pulsed UV laser by a cw UV laser and improved the resolution of the spectra by a factor of more than five, and (3) studied M J redistribution processes in regions of low magnetic fields of the Zeeman decelerator and shown how these processes can be exploited to assign transitions originating from specific spin-rotational levels (N ′′ , J ′′ ) of He
Introduction
Translationally cold samples of molecules offer interesting perspectives for high-resolution spectroscopy. The long measurement times that are possible * merkt@phys.chem.ethz.ch with such samples and the reduced Doppler widths are ideally suited for precision measurements of transition frequencies in molecules, and such measurements are beginning to be relevant in the context of tests of the standard model of particle physics and some of its extensions [1] . Precision measurements in few-electron, light molecules such as H 2 + , H 2 and He 2 + are used as tests of ab initio quantum-chemical calculations which aim at an exact solution of the Schrödinger equation and a rigorous determination of relativistic and quantumelectrodynamics (QED) corrections [2, 3, 4, 5, 6] . In these molecules, the velocity of the electrons is relatively low, and nonrelativistic quantum-electrodynamics turns out to be particularly successful. In this approach, the energy is expressed as a series expansion in powers of the fine-structure constant α, which is a measure of the classical electron speed
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The terms in different powers of α are associated with different contributions to the overall energy. E (0) contains the Born-Oppenheimer energy including adiabatic and nonadiabatic interactions, while α 2 E (2) and α 3 E (3) represent the relativistic and leading-order QED corrections. Higher powers of α are associated with higher-order QED corrections. Recent calculations for the molecular hydrogen ion include relativistic and QED corrections up to terms proportional to α 6 and report an accuracy of 2 kHz for the first vibrational intervals of H 2
+
[3] and HD + [6] . The most accurate calculations of the energies in H 2 , HD, and D 2 include full corrections up to terms proportional to α 3 as well as the dominant one-loop contribution of the α 4 term [4, 5] . The reported uncertainties are less than 30 MHz and the calculated and experimental results agree within this uncertainty [7, 8] . The best calculations of the rovibrational levels of He 2 + [9] have an accuracy of about 120 MHz, sufficient to reproduce the energy-level structure measured in earlier experiments [10, 11] , although they do not include relativistic and radiative corrections.
Few-electron diatomic molecules present experimental challenges for highresolution studies of their spectra, and experimental data on their energy-level structures are scarce. Indeed, the symmetric isotopomers do not have a permanent electric dipole moment, which implies that these species do not have a pure rotational nor a rovibrational spectrum. Spectroscopic data on the molecular helium cation are limited to rotational and vibrational transitions in the asymmetric hereafter), can easily be generated in supersonic beams, (3) He * 2 has a magnetic moment of two Bohr magneton, which makes it possible to decelerate He * 2 beams to low velocities in the laboratory reference frame using the technique of multistage Zeeman deceleration [18, 19] , and (4) the electronic spectrum of He * 2 is well known and information on low-lying Rydberg states and fine-structure intervals facilitates the interpretation of spectra of high Rydberg states. We believe that, in the long term, these advantages will enable us to reach a higher precision and accuracy than currently possible in H 2 [7, 8, 20] .
The spectrum of He 2 has been investigated exhaustively after its first detection in 1913, independently by Curtis [21] and Goldstein [22] . Most information about the Rydberg states of He 2 has been obtained with classical emission grating spectroscopy in the extensive measurements of Ginter and coworkers [23, 24, 25, 26, 27, 28, 29, 30, 15] . In addition, low-lying Rydberg states have been investigated using infrared emission [31] and absorption [32] spectroscopy, laser-induced fluorescence spectroscopy [33] , Fourier-transform emission spectroscopy [34, 35, 36, 37] , laser absorption spectroscopy [38, 39, 40, 41] , optical heterodyne concentration-modulation spectroscopy [42] , and infrared emission spectroscopy from proton-irradiated cryogenic helium gas [43, 44] . Highly accurate measurements of the fine structure in the lowest rotational states of He * 2 (ν ′′ = 0) have been performed by Lichten et al. using molecular-beam radiofrequency (r.f.) spectroscopy [45, 46, 47] . Bjerre and coworkers [40, 48, 41] employed laser-r.f. double-resonance spectroscopy to extend the measurements of the fine-structure intervals to higher rotational and vibrational states. Focsa et al. [36] performed a global fit on infrared and r.f. data to obtain a consistent set of molecular constants for the six lowest excited electronic states of He 2 . 
where B 0 is the rotational constant, D 0 and H 0 are the quartic and sextic centrifugal distortion constants, λ 0 is the spin-spin interaction constant, γ 0 is the spin-rotation interaction constant, and ⃗ N and ⃗ S are the total angular momentum excluding spin and the total electron spin, respectively. The spin-spin and spin-rotation interactions split each rotational state N into three fine-structure components with total angular momentum quantum number J = N, N ±1. Levels of the same J value but N values differing by 2 mix under the influence of the spin-spin interaction. Matrix elements of Eq. (2) can be found in Ref. [56] . To treat the effects of an external magnetic field, one needs two additional terms in the Hamiltonian
where g e ≈ −2.00232 and g R denote the electron and rotational g-factors, respectively. The second term on the right-hand side of Eq. (3) 
. In the following, we denote quantum numbers and molecular constants of the a 3 Σ The best way to do so is by using multichannel quantum-defect theory as implemented by Jungen [58] . In our determination of the lowest rotational interval of He 2 + we extrapolated the series using the quantum defect parameters of the np triplet states of He 2 reported by Sprecher et al. [16] . If the positions of the rotational levels of the cation are not known with sufficient precision, as is the case for the series converging to the N + = 11 and 13 ionic levels discussed in Section 4, the series limits can be extrapolated in first approximation using Rydberg's formula
whereν n represents the spectral position of the Rydberg states of principal and orbital angular-momentum quantum numbers n and , respectively, and quantum defect δ . The quantities E I (He * are used in the extrapolation.
The spin-spin coupling of the triplet Rydberg states of He 2 scales with n −3
and becomes negligible at high n values. The spin-rotation interaction is primarily that of the ion core, so that the fine structure converges to the spin-rotation splitting of He 2 + at high values of n (see Fig. 6 of Ref. [59] ).
The rotational selection rules for single-photon excitation from He * A supersonic beam of metastable helium molecules is produced in an electric discharge through an expansion of pure helium gas [13] in a source chamber.
The body of the valve can be cooled to temperatures of 77 and 10 K, resulting in supersonic beams with velocities of approximately 1000 and 500 m/s, respectively [19] . The molecular beam is collimated with a skimmer before entering a second, differentially-pumped vacuum chamber that contains a 55-coil multistage Zeeman decelerator [18, 19, 61] .
The Zeeman decelerator exploits the Zeeman effect to manipulate the longitudinal velocity of the metastable helium molecules. When a He * 2 molecule approaches an inhomogeneous magnetic field, it experiences a force that depends on its effective dipole moment. In a magnetic field, the J ′′ = 2 fine-structure component of the N ′′ = 1 rotational ground state of He * 2 is split into five magnetic sublevels that are labeled with their value of M J ′′ , the quantum number associated with the projection of the total angular momentum vector J ′′ on the magnetic-field axis (see Fig. 1 ). The energy of two of the five magnetic sublevels increases as the magnetic-field strength increases. Molecules in these two states experience a force toward regions of low magnetic-field strength and are therefore referred to as "low-field seekers". Analogously, molecules in a state that displays a decrease in energy with increasing magnetic-field strength experience a force toward regions of high magnetic-field strength and are referred to as a "high-field seekers". When a low-field seeker approaches a magnetic field that is created by applying a current to a solenoid, part of its kinetic energy is converted into Zeeman energy and the molecule slows down. However, as soon as the low-field seeker crosses the region of maximum magnetic field, corresponding to the center of the solenoid, it gets accelerated again. In order to prevent this reacceleration, the magnetic field is switched off abruptly. By repeating this process many times and choosing the switch-off time of the current in the solenoids so as to maintain a phase-stable deceleration [62] , the molecules can be decelerated to any desired velocity. Because the magnetic field has to be switched off before the molecule leaves the coil, the maximum velocity that can be manipulated by a single coil is determined by the ratio of the length of the coil and the switch-off time of the magnetic field. For our experimental parameters (7.2 mm, 8 µs, 250 A, and maximal on-axis field strength of 2 T) this results in a maximum velocity around 700 m/s. To obtain an initial velocity below this value, the valve body has to be cooled to 10 K.
The decelerator is segmented into three modules: two modules containing 12 coils and one module containing 31 coils. These modules are separated by pumping towers to guarantee a low background pressure in the decelerator. In addition, the modular design of the decelerator offers the flexibility to match the number of coils to the magnetic-moment-to-mass ratio of the species of interest.
In order to maintain the magnetic quantization axis of the molecules as they traverse the region between the deceleration modules, the towers are equipped with solenoids as well, as explained by Wiederkehr et al. [61] .
After about 1 m of flight, the molecules enter a third vacuum chamber that is used for photoexcitation and detection. Approximately 60 mm beyond the last coil of the decelerator, the molecular beam is intersected at right angles with the UV laser beam that is used to drive transitions to np Rydberg states. The excitation region is surrounded by a cylindrically symmetric stack of electrodes for the application of ionization and extraction electric fields. A weak dc electric field is applied to the stack during photoexcitation in order to reduce stray electric fields to below 1 mV/cm. The stray field is determined by recording spectra in the presence of different dc electric fields and fitting the observed Stark shifts to a quadratic polynomial, as illustrated in Fig. 4 . In order to suppress stray magnetic fields, two concentric mu-metal tubes are used to shield the excitation region. For molecules decelerated to 120 m/s, the current in the last coil is switched off 0.5 ms before the molecules reach the excitation volume. The Rydberg states are ionized for detection by the application of a pulsed electric field which is also used to extract the ions toward a microchannelplate (MCP) detector. A small electric field is applied to the stack shortly after photoexcitation but before the ionization pulse. This discrimination pulse separates prompt ions, produced by direct ionization or rapid autoionization, from ions produced by pulsed field ionization, based on their different arrival times on the MCP detector. The discrimination pulse also induces the field ionization of Rydberg states with n ≳ 200, so that these states contribute to the prompt-ion signal.
Results
The procedure for obtaining the intervals between successive rotational states [17] and is briefly repeated here.ν + 31 corresponds to the difference between the convergence limitsν 13 of the 3 → np1 2 series andν 33 of the 3 → np3 3 series (see Fig. 2 ). This interval can also be determined from the Higher rotational intervals of He 2 + can be determined by recording Rydberg series that converge on higher-rotational states of the ion. As an example, spectra of the 13 → np11 12 Rydberg series in the range n ≈ 60 − 67 and 13 → np13 13, 14 Rydberg series in the range n ≈ 95 − 115 are shown in Fig. 6(a) and (b), respectively. The spectra also contain spectral features that correspond to transitions of the 1 → np1 1,2 to 11 → np11 11, 12 14 13 → np13 13 13 → np11 12 (a) (b) formula. Setting the uncertainty equal to the experimental linewidth, we determine this interval to be 346.988(6) cm −1 , as compared to the theoretical value of 346.977(4) cm −1 [9] . Extrapolation of the 13 → np11 12 and 13 → np13 13, 14 Rydberg series using MQDT should result in a more accurate determination of the N + = 11-to-13 rotational interval in He 2 + . However, an accurate determination by MQDT requires the precise knowledge of higher rotational levels of limitations of a pulsed-laser system, this can be best achieved by replacing the pulsed laser by a cw laser, as shown in Fig. 3c ).
As an example, the 1 2 → 51np1 2 transition, obtained using the cw laser system presented in Fig. 3c ), is shown in Fig. 8 , however, without pulsing currents through the deceleration coils. The red triangles and blue diamonds represent measurements with the valve body kept at a temperature of 77 and 10 K, respectively. The red and blue curves are Gaussian fits to the data and have a full width at half maximum (FWHM) of 50 and 25 MHz, respectively. The decrease of the linewidth by a factor of two reflects the reduction in velocity from 1000 to 500 m/s for the lower temperature. It is expected that decelerating the molecules to velocities around 100 m/s will result in a further reduction of the observed linewidths, and work in this direction is currently in progress.
Conclusions
High-resolution spectroscopy of high Rydberg states of He 2 using a pulsed 
